The dynamic Hartree-Fock theory with point-like interaction is used to calculate the speed of sound and damping factor of a zero-sound wave propagating in a degenerate Fermi gas. This wave propagates slower than Fermi velocity. It is shown, that if the interaction is weak and density is small, then the damping of such a wave can be small. A possibility of discovering such waves in ultracold Fermi gases is discussed.
Introduction
The wave propagation in non-charged Fermi gases has been studied both in the model of a weakly non-ideal Fermi gas [1] [2] [3] and Fermi liquid model [4] . It has been shown that at temperatures much less than the Fermi energy T ε F , the weak decaying zero-sound waves can
propagate. The speed of such wave 0 exceeds the Fermi velocity F . The damping of zero-sound waves via the Landau mechanism proposed for plasma [5] has been examined in Refs. [6] [7] [8] . It has been found that this damping is weak. The possibility of wave propagation with speed which is less than F has not thoroughly studied since it was believed that such waves, contrary to the case 0 > F , should strongly decay according to the Landau mechanism.
Note, that for a long time the problem of nearly ideal degenerate Fermi gas had only a methodical interest because the real gases existing in nature condense at temperature close to zero. After production of degenerate Fermi gases in magnetic and optical traps [9] [10] [11] [12] , the problems associated with investigation of weakly non-ideal Fermi gases including the waves propagation in these gases have gained a physical importance.
This paper studies the propagation of "slow" zero-sound waves and their damping using the Hartree-Fock dynamic equations. It is found that their speed decreases up to a limiting minimal value min ≈ 0 834 F with increasing intensity of interaction. It is also shown that if the interaction is sufficiently week, then the damping of such waves is small and they can propagate over a significant distance. The numerical estimates show a principal possibility of discovering "slow" waves in ultracold gases of Fermi atoms.
Dynamic Hartree-Fock equation with point-like interaction
The dynamics of a dilute Fermi gas at temperatures near absolute zero can be described in terms of dynamic Hartree-Fock equations for the single-particle wave function ψ ( ),
where is a particle mass, ( ) = |ψ ( )| 2 and ( ) ≡ ψ * ( )ψ ( ) are the particle number density and single-particle density matrix, respectively, and ≡ (r σ ) is introduced to denote a set of spatial coordinates r and spin coordinates σ . In a spatially homogeneous case, a particle state is described by a complete set of quantum numbers ≡ (k σ ). If the spin oscillations are not taken into account, then the wave function of a particle has the following form, ψ ( ) = ψ k (r )δ σ σ and satisfies the normalizing condition ψ k * (r )ψ k (r ) r = δ . This work only considers point-like repulsive interaction U(r r ) = δ(r − r ), where > 0. Usually, the interaction constant is expressed in terms of a scattering length = /4π¯ 2 . Usability condition for such approach is fulfillment of the following inequality ( 0 / ) 2 1, where 0 is effective interaction radius and is average distance between particles. In the case of a delta-like interaction, the Hartree-Fock equations contain only the total density (r ) = |ψ (r )| 2 , so that
Accounting of exchange interaction leads to the fact that the above equation only differs from the corresponding equation in the Hartree approximation by the replacement → /2.
Next, it is convenient to introduce new single-particle wave functions φ k (r ) by extracting a time-dependent factor,
These new functions satisfy the following equation:
According to (4), the stationary equilibrium state of a quantum system in the Hartree-Fock approximation is described by
The solution of this equation is φ 0k (r) = kr / √ V , where V is the volume of the system and ε =¯ 
The equilibrium particle density is related to the Fermi wave number in a usual way, 0 = F 3 /3π 2 .
Small perturbations in a Fermi gas
For small deviations from the equilibrium state, the following applies:
For the subsequent consideration it is convenient to introduce the function δΦ k (r ) = − kr δφ k (r ) which satisfies the equation
and
Solutions to equation (8) are assumed to have the form
where Q ≡ Q(r ) = qr−ω . The wave vector q is considered to be real, while the frequency ω can be complex. The wave function in (10), generally speaking, depends on two wave vectors k and q. The vector k describes the quantum states of individual particles, while q specifies the collective excitation of the system. Thus, δΦ k (r ) ≡ δΦ kq (r ) and B ≡ B C ≡ C Y ≡ Y . Index q will be omitted.
The compatibility condition of Eqs. (8) (9) (10) implies the equation, which gives the dispersion law and damping of propagating waves in such system
where
The frequency ω = ω + ω and function (12) in eq. (11) are complex. Assuming the damping to be small ω ω , one finds from (11) the equations for the real part of frequency as a function of wave vector and damping factor γ = −ω :
Using eqs. (13), the speed and damping of a "slow wave" in a Fermi gas can be calculated.
Speed and damping of "slow" wave
Changing the summation to integration in (12) and introducing the dimensionless variables, the real and imaginary parts of the function have the form
Introduction of dimensionless variables Ω = ω /ω F , = / F , where
is the density of quantum states on the Fermi surface and Θ( ) is the Heaviside step function, reduces eqs. (13) to
where Γ = γ/ω F is the dimensionless damping factor,˜ = N F /4 is the dimensionless interaction constant which can be expressed through the ratio of scattering length to mean interparticle distance = 0 −1/3 : = (3/π) 1/3 ( / ). Thus, the dimensionless interaction constant depends both on interaction constant and particle number density. Note that the first equation in (14) coincides with that derived in the random phase approximation with˜ = N F /2 [6] . The dependencies of frequency on the wave number given by F R (Ω ) =˜ −1 are presented in Fig. 1 Let us now consider a long-wavelength limit by introducing a new parameter = Ω/2 = ω / F . In the longwavelength limit, it equals to the ratio of sound velocity to Fermi velocity F : = / F . In the limit as → 0 Ω → 0 and finite value of , one can obtain from (17) the equation governing the speed of zero-sound oscillations, well-known in the Fermi-liquid theory [4, 6] :
Equation (18) has two solutions. When > 1, it determines the "fast" wave propagating with the speed + = 0 > F , so that + = + / F . This wave corresponds to zero-sound oscillations in a Fermi liquid [4, 6] . This case is usually studied in the literature. When < 1, the solution − = − / F is responsible for "slow" wave propagating with the speed − ≡ < F . This case is usually not considered. The dependencies of speeds on the interaction constant for the "fast" and "slow" waves are shown in Fig. 2 When˜ is small, the speeds of waves differ from the Fermi velocity by a small value only,
The speed of a "fast" wave monotonically increases with the interaction constant and in limit˜ 1 it is described Note that this formula is similar to the expression for the speed of sound in a weakly non-ideal Bose gas [13] . The speed of a "slow" wave monotonically decreases with increasing˜ up to a finite value − ≈ 0 834. As expected, the principle difference between "slow" and "fast" waves is in the nature of their damping. As follows from (16), the "fast" wave propagates almost without decay. The damping of a "slow" wave due to collisionless mechanism can be significant and considerably depends on intensity of interparticle interaction. The dependence of damping factor on dimensionless interaction parameter for a "slow" wave is shown in Fig. 3 . For large values of interaction constant, the speed of a "slow" wave ≈ 0 834 F is slightly less than Fermi velocity. At the same time the ratio of damping factor to frequency is γ/ω ≤ 0 4 and, consequently, a propagation of such wave over significant distances is impossible. The speed of a "slow" wave increases approaching the Fermi velocity and its damping factor rapidly decreases with decreasing˜ . Therefore, if the interaction is weak enough, then a "slow" zero-sound wave can propagate over significant distances. Nowadays, the densities attainable in gases of ultracold Fermi atoms are ∼ 10 11 = 10 14 cm −3 [14] . For numerical estimates, let us take ∼ 10 15 cm . According to (19), the difference between the speeds of "fast" and "slow" waves rapidly decreases with decreasing parameter˜ , that makes extra difficulties for experimental discovery of a "slow" wave. In case of˜ = 0 2, erg and the value of the Fermi velocity is F ≈ 32cm/s, so that ∆ ≡ + − − = 0 32cm/s. As mentioned above, there is a highest possible value of the wave vector corresponding to a minimal possible wavelength, for which both waves of "fast" and "slow" zero-sound do exist. In particular, for˜ = 0 2, the minimal value of the wavelength is λ min = 10 2 λ F , where λ F = 2π/ F . For the chosen values of atomic mass and particle number density, the numerical estimate gives λ min ≈ 2 · 10 −3
cm. Thus, this restriction can not be an obstacle for experimental observation of "slow" wave. Note that the following conditions should be satisfied in the experiment directed towards discovering "slow" wave. On the one hand, the dimensionless interaction constant should be sufficiently small to ensure the weakness of damping. On the other hand,˜ should not be too small because otherwise the difference between the speeds of "slow" and "fast" waves becomes inconspicuous.
Conclusion
Using the dynamic Hartree-Fock method the propagation and damping of a "slow" wave with small amplitude in a dilute Fermi gas with delta-like interaction has been studied. The speed of wave propagation is less than the Fermi velocity. It has been shown that at small values of the interaction constant and density, the damping of such wave is relatively small and, therefore, there is a principal possibility to discover such waves in the gases of ultracold Fermi atoms.
